Abstract. ISOPHOT far-infrared and SCUBA sub-mm images of the Crab nebula are presented. The ISOPHOT observations were made in the bands centred at 60, 100, 170 µm, with FWHM of equivalent area Gaussian beams of 44, 47 and 93 arcsec, respectively. The 850 µm SCUBA image was processed using a Maximum Entropy Method algorithm and has a Gaussian FWHM of 17 arcsec. The 60 and 100 µm images show clear excess of emission, above that expected from an extrapolation of the synchrotron spectrum of the Crab nebula from lower frequencies, as previously seen from IRAS observations. The superior angular resolution of the ISOPHOT images reveal that about half this excess is attributable to two peaks, separated by ≈ 80 arcsec. The lower resolution 170 µm image does not show any excess emission, but is possibly fainter, particularly in the NW, than expected from an extrapolation of the lower-frequency synchrotron emission. These findings are consistent with a picture in which the FIR excess is due to emission from a small amount of warm dust (of the order of hundredths of a Solar mass) which radiates predominantly at 60 and 100 µm micron but not at 170 µm, superimposed on a synchrotron spectrum which gradually steepens towards shorter wavelengths throughout the FIR and MIR spectral range. The dust geometry is consistent with a torus of diameter ≈ 0.8 pc created by the supernova progenitor, superimposed upon a broadly distributed component which may be supernova condensates in the filaments. Comparison of the 850-µm image with longer wavelength radio observations shows there is little variation in spectral index of the synchrotron emission across the face of the remnant.
INTRODUCTION
The Crab nebula (=G184.6−5.8) -the remnant of the SN of AD 1054 (e.g. [1] ) -shows a centrally brightened morphology, and it is the best known of the class of 'filledcentre' supernova remnants (or 'plerions'). It is powered by its central pulsar, and emits synchrotron emission with a relatively flat spectral index at radio wavelengths (see [2] ). The integrated spectrum of the Crab nebula steepens at higher frequencies, with a break wavelength in the mid-infrared, together with a far infra-red excess (e.g. [3, 4] ) seen from IRAS observations. This excess is usually ascribed to dust emission. Here we present farinfrared ISO 1 and sub-millimetre observations of the Crab nebula, to investigate both the thermal, dust emission and the non-thermal emission from this supernova remnant (these results are discussed in further detail in [5] ).
ISOPHOT OBSERVATIONS
The Crab nebula was observed with the ISOPHOT instrument aboard the ISO satellite (see [6, 7] ) using the ISOPHOT-C100 3×3 pixel array with the C60 and C100 filters and the ISOPHOT-C200 2×2 pixel array with the C160 filter. The passbands of the C60, C100 and C160 filters are between 48-73 µm, 82-124 µm and 130-218 µm, and have effective central wavelengths near 60, 100 and 170 µm, respectively. The 'P32' mapping mode was used to provide near Nyquist sampling over an area encompassing the nebula, as well as the surrounding background. The Crab nebula was observed for a 50 minutes on 1998 February 16th and 17th. The data for each wavelength were separately processed using the latest P32 reduction package [8] , which corrects for the transient response of the detector pixels. A time-dependent flat-field correction was made for each image, by fitting a quadratic function to the response of the detector pixels to the background. Calibration was made using V8.1 of the ISOPHOT Interactive Analysis (PIA) Package [9] , which is based on the on-board calibration source (which was periodically checked with respect to the primary celestial calibrators). Finally, the background was removed by subtracting a tilted plane obtained from a fit to the extremities of the image (external to the extent of the nebula). The derived images at 60, 100 and 170 µm are shown in Fig 1. The integrated flux densities of the nebula at the 60, 100 and 170 µm, are 140.7, 128.2 and 83.2 Jy respectively (with uncertainties of 11% at 60 and 100 µm, and 12% at 170 µm), values which are discussed further below.
JCMT DATA REDUCTION AND RESULTS
The Crab nebula was observed with SCUBA [10] on the James Clerk Maxwell Telescope (JCMT) on 1999 September 19. The observations were made at '850 µm' (which is actually centred at 863 µm, i.e. 347 GHz), at which SCUBA has an array 37 bolometers, each with an ideal resolution of 13 arcsec, covering a field-of-view of ≈ 2 arcmin. The observations were made using the scan-map mode, where the array scans across the source with the telescope continuously 'chopping' in a particular direction. A variety of chop-throws and scanning directions were observed, in order to sample structure well in all directions, and on scales missed by any single chop throw. The observations were made in two sessions, over about 4.5 hours, at elevations between ≈ 60 • and ≈ 80 • . Each session was preceded by observations of the standard source CRL 618, and was preceded and followed by a sky-dip calibration. The data were reduced using a series of standard procedures from the SURF package (see [11] ). This processing included corrections for the extinction at 850 µm, as measured by sky-dip observations; removal of spikes in the data, both manually and automatically; removal of six poorly-performing bolometers; removal of linear baselines; and removal of sky contributions. Finally the data were restored to an image using a MEM algorithm [12] . The emission from the Crab nebula at 850 µm from these observations is also shown in Fig. 1 , smoothed slightly to a resolution of 17 arcsec. The noise on this image, in small regions away from the Crab nebula, is ≈ 0.017 Jy beam −1 , with variations in the local baselevel away from the Crab nebula, up to ≈ 0.05 Jy beam −1 . This image has considerably higher dynamic range than the 1.3 mm image of [13] , although it does have slightly poorer resolution. The integrated flux density of the Crab nebula from the SCUBA 850-µm observations is ≈ 190 Jy, with an uncertainty of 10%.
DISCUSSION
The integrated spectrum of the Crab nebula is shown in Fig. 2 . Both the 100 and 60 µm flux densities show clear evidence for an excess above the extrapolated synchrotron spectrum, albeit at a somewhat lower level than has been seen previously from IRAS observations. (This is thought to be due to the fact that a single correction factor is used together with a pure continuum spectrum through this point; (d) a pure continuum flux density at 2.26 µm. The solid line at lower frequencies is an extrapolation of the synchrotron spectrum from radio frequencies [2] , with errors shown as dashed lines. The dashed line at higher frequencies is an extrapolation of the S = 12.9(ν/10 5 GHz) −0.85 Jy optical/UV spectrum [4] .
to compensate for signal losses due to the transient response of the IRAS detectors, whereas the corrections for the ISOPHOT data self-consistently take into account the source structure.) This excess covers a range of frequencies that is too narrow for it to be synchrotron emission. The ISOPHOT 170 µm flux density is somewhat low compared with the extrapolated Baars et al. spectrum, although this is not highly significant. The 850-µm flux density is consistent with the extrapolated Baars et al. spectrum, unlike the 1.2-mm flux density from [13] which appears high.
We conclude that the excess emission in the FIR bump is primarily due to dust emission, which is seen at 60 and 100 µm (see Fig. 1 ) as two prominent features, separated by ≈ 80 arcsec and connected by a ridge running almost east-west. The difference between the relative brightness of these peaks -i.e. at 100 µm, the eastern peak is brighter, whereas at 60 µm, the western peak is brighter -would then reflect different dust temperatures in the peaks, caused by differences in the strength and/or colour of the local radiation field. The dust emission at 60 and 100 µm is consistent with a small amount of warm dust (0.01−0.07 M of silicate at temperatures around 45 K or 0.003−0.02 M of graphite at temperatures around 50 K). The geometry of this warm dust emission is consistent with a torus of diameter ≈ 0.8 pc, presumably created by the supernova progenitor. There is no evidence for dust emission towards the dark bays in the optical emission from the remnant in the east and west [16] . About half of the dust emission in the Crab Nebula can be attributed to the dust torus, and assuming that radiation fields illuminating the grains in the filaments are not strongly dependent on position within the nebula or on the chemical composition of the filaments, about half of the total dust mass might be circumstellar in origin.
The ISOPHOT 170 µm image shows a centrally brightened structure reminiscent of that seen at longer wavelengths (i.e. the synchrotron emission), with no indication of the peaks seen at 100 and 60 µm. However, detailed comparison of the 170 µm image with the JCMT 850-µm image, which we take to be synchrotron emission, does reveal differences in the details of the emission structure at these two wavelengths. The 170-µm emission is relatively fainter in the NW compared with the expected extrapolation of the synchrotron emission from 850-µm. One explanation of this, which would also explain the ISOPHOT 170 µm flux density being low, is that the effect of a break in the synchrotron spectrum is becoming evident, but predominantly in the NW of the remnant, at wavelengths between 850 and 170 µm. We note that the optical extent of the Crab nebula agrees well with the radio extent of the remnant everywhere except in the NW (see [17] ), where the cm-wavelength radio emission extends beyond the optical emission. However, it is not clear how to relate the deficit of the optical, thermal, emission to a spectral turnover at lower frequencies for the non-thermal synchrotron emission in the NW.
Comparison of the SCUBA 850-µm image with a VLA image at 20 cm (1515 MHz) observed in 1987 (see [18] ) smoothed to the same resolution, shows there is little evidence for spectral index variations in the synchrotron emission across the face of the remnant. No variations are seen at the level of ≈ 0.02 across most of the remnant, which shows that the particle populations responsible for the radio and sub-mm synchrotron emission are distributed very similarly within the Crab nebula. The main exception to the uniformity in spectral index occur near the centre of the remnant -particularly near the position of the pulsar -where there are regions with slightly flatter spectra than their surroundings (as has previously been reported by [13] from comparison of 1.2 mm observations with the VLA 20-cm image). Although these regions of apparent flatter spectrum emission near the centre of the remnant may be indicative of real spectral variations, they may reflect temporal variations, as the SCUBA and VLA observations were taken over ten years apart.
CONCLUSIONS
The 60 and 100 µm ISOPHOT images present here reveal that the excess emission from the Crab nebula seen at these wavelengths -above the synchrotron radio spectrum extrapolated from lower frequencies -is from two peaks, to the east and west of the centre of the remnant. This excess is consistent with the presence of a small amount of warm dust (of the order of hundredths of a Solar mass) in the remnant, in a torus of diameter ≈ 0.8 pc. The lower resolution 170 µm ISOPHOT image does not show any excess emission, but instead is possibly fainter, particularly in the NW, than expected from an extrapolation of the lower-frequency radio synchrotron spectrum. These, and other observations, are consistent with the synchrotron spectrum becoming gradually steeper throughout the FIR spectral range covered by the ISOPHOT observations. The flux density of the Crab nebula from SCUBA 850-µm observations is consistent with an extrapolation of radio synchrotron spectrum from lower frequencies. Comparison of the 850-µm image with radio observations shows there is little variation in spectral index across the face of the remnant between these wavelengths.
